phosphate the specific radioactivities of the individual phospholipids are in the order microsomes > outer mitochondrial membrane > inner mitochondrial membrane. 5. The incorporation of 32p into cardiolipin is very slow both in vivo and in vitro. After labelling in vivo the radioactivity in the cardiolipin persists compared with that of the other phospholipids, whose specific radioactivities in the microsomes and mitochondrial fragments decay at a similar rate to that of the acid-soluble phosphate pool. 6. The possibility of phospholipid exchange processes occurring in the liver cell in vivo is discussed, and it is suggested that only a small but highly labelled part of the endoplasmic-reticulum lipoprotein pool is involved in the transfer.
phosphate the specific radioactivities of the individual phospholipids are in the order microsomes > outer mitochondrial membrane > inner mitochondrial membrane. 5. The incorporation of 32p into cardiolipin is very slow both in vivo and in vitro. After labelling in vivo the radioactivity in the cardiolipin persists compared with that of the other phospholipids, whose specific radioactivities in the microsomes and mitochondrial fragments decay at a similar rate to that of the acid-soluble phosphate pool. 6. The possibility of phospholipid exchange processes occurring in the liver cell in vivo is discussed, and it is suggested that only a small but highly labelled part of the endoplasmic-reticulum lipoprotein pool is involved in the transfer.
There is now abundant experimental evidence that when radioactive phospholipid precursors are injected into animals the phospholipids of all the subeellular fractions of the liver cell become rapidly labelled, although at somewhat variable rates. The question therefore arises whether each type ofmembrane in the cell is capable of synthesizing its own phospholipid, or whether intracellular transport and exchange of newly synthesized phospholipid molecules can occur (Dawson, 1966) .
The final stage ofthe synthesis of many phospho-W. C. McMURRAY AND R. M. C. DAWSON and CTP-choline phosphate cytidyltransferase (EC 2.7.7.15) (Wilgram & Kennedy, 1963; Schneider, 1963) , which are mainly localized in the microsomes. On the other hand, McCaman & Cook (1966) reported that CDP-choline-1,2-diglyceride cholinephosphotransferase is present to a limited but significant extent in mitochondria isolated from rat brain and bovine heart muscle, and Stoffel & Schiefer (1968) obtained evidence that some of the enzyme is contained in an outer-membrane fraction from rat liver mitochondria. have reported that choline can be incorporated into the phospholipids of isolated rat liver mitochondria by a mechanism that appears to be energy-dependent and that is stimnulated by the addition of CTP.
We therefore carried out experiments in an attempt to clarify the situation with regard to the synthesis of the nitrogen-containing phosphoglycerides by rat liver mitochondria. These suggested that the small mitochondrial synthesis of such phospholipids at least from [32P] (Griffith & Jeffers, 1949 J1olationprocedure8. Animals were killed by decapitation and the livers rapidly excised and chilled. All subsequent operations were performed at 00. The livers (pooled from three animals in studies involving the isolation of mitochondrial membranes) were minced with scissors and homogenized in a motor-driven homogenizer with 0-008in. clearance (Aldridge, Emery & Street, 1960) , for 1min. in 10 vol. of cold 0-25 m-sucrose-0*1 mrn-EDTA, pH 7-4. The homogenate was centrifuged at 2000 rev./min. for 10 min. in a Servall RC-2 centrifuge (SS-34 rotor), and the supernatant obtained was centrifuged at 6000rev./min. for 10min. and the speed increased to 9300rev./min. for 2min. The mitochondrial pellet obtained was resuspended in the same sucrose-EDTA solution in a hand-operated homogenizer and resedimented as described above. This washing procedure, adapted from that of Parsons, Williams, Thompson, Wilson & Chance (1967) , was repeated twice more to minimize the microsomal contamination of the fraction. In general, the washed mitochondrial fraction contained 4-9% contamination with microsomes, based on NADPH-cytochrome c reductase activity (Table 1) . The supernatant decanted from the first mitochondrial pellet was centrifuged at 1000rev./min. (Servall SS-34 rotor) for 10min. to remove lysosomes, and the pellet was discarded. The microsomal fraction was sedimented by centrifuging this supernatant at 36000rev./min. (Spinco 40 rotor) for 90min. Although it is undoubtedly heterogeneous, this fraction is referred to for convenience throughout this paper as 'microsomes'.
Mitochondrial membrane fractions. The procedure was based on the experiments of Sottocasa, Kuylenstierna, Ernster & Bergstrand (1967) , with osmotic swelling and ultrasonic treatment being usedto disrupt the mitochondria, and the discontinuous-gradient fractionation described by Parsons et al. (1967) to isolate the membrane fractions. The washed mitochondrial pellet was suspended in 0-01 M-K2HPO4-KH2PO4 buffer-0 1 mM-EDTA, pH 7*5 (1 ml./g. of original tissue), in a hand-operated homogenizer and kept at 00 for Smin. An equal volume'of 17% (w/v) sucrose in 0-01 m-potassium phosphate buffer-0 I mx-EDTA, pH 7x5, was added, and the suspension was thoroughly mixed. The suspension was subjected to mild ultrasonic treatment to remove outer membranes by immersion of the tube (to the depth of the liquid in the tube) for 5 min. in a 80 kcyc./sec. 40 w ultrasonic cleaning bath (KG 80/1; Kerry's, Basildon, Essex). The ultrasonically treated suspension was centrifuged at 10000rev./min. in the Servall SS-34 rotor for 10min. and the supernatant (Si) decanted. Trial experiments showed that 85-95% of the mitochondrial monoamine oxidase activity, considered to be a marker enzyme for the outer membrane (Schnaitman, Erwin & Greenawalt, 1967; Schnaitman & Greenawalt, 1968) , was released in the Si fraction, whereas 80-90% of the cytochrome c oxidase, a marker enzyme for the inner membrane, sedimented with the pellet. The pelletwas resuspended (0.5 ml./g. of original tissue) in 0.01 M-potassium phosphate buffer-0-1 mm-EDTA, pH7*5, and after 5 mnin. the suspension was mixed with an equal volume of 17% sucrose. To fragment the inner membranes the suspension was subjected to strong ultrasonic treatment three times for 1 min. each time, at 1 min. intervals to prevent overheating, in an ice bath with an ultrasonic drill probe (60w; Mullard-MSE). The ultrasonically treated suspension was centrifuged at 10000 rev./min. for 10 min. in the Servall SS-34 rotor. The supernatant fraction (S2) contained 30-40% of the total cytochrome c oxidase activity. The Si and S2 fractions in portions (15-20 ml.) were layered separat&ly on 5-10 ml. of 37-7% (w/v) sucrose in 0-01 M-K2HPO4-KH2PO4 buffer-0.1 mM-EDTA, pH 7*5, in a Spinco SW25 tube, and centrifuged at 22 500 rev./min. for 120 min. in the Spinco SW25 rotor. The material at the interface from the Si fraction (S1I) was collected carefully by aspiration with a Pasteur pipette with a bent tip. The corresponding interfacial fraction from the S2 supernatant (S21) contained some additional monoamine oxidase activity, but was heavily contaminated with cytochrome c oxidase and appeared to be a mixture of inner and outer membranes that was difficult to resolve by further fractionation; it was therefore discarded. The S1I suspension was diluted severalfold with 0-01x-K2HPO4-KH2P04 buffer-0O1 mm-EDTA, pH 7-5, and centrifuged at 36 000 rev./min. for 60 min. inthe Spinco 40 rotor. This pellet from the S11 fraction, and the material that sedimented through the 37.7% (w/v) sucrose layer from both SI and S2 fractions (S1+2P), were each suspended with homogenization in 5 ml. of 25.5% (w/v) sucrose. The fractions (5 ml.) were layered separately on discontinuous gradients consisting of 5 ml. of each of 32.5% (w/v) (Table 1) . Thus the purified outermembrane fraction contained 13-48% of the total mitochondrial monoamine oxidase, and showed a six-to 18-fold enrichment based on specific activity. The purified inner-membrane fraction accounted for 10-15% of the cytochrome c oxidase activity from the mitochondria, and showed a three-to seven-fold enrichment, based on specific activity. Despite the double gradient fractionation the outer-membrane fraction showed some cross-contamination with inner-membrane fragments, as revealed by both the activity of cytochrome c oxidase and the presence of innermembrane sub-units on some of the membranes as seen by electron microscopy after negative staining. The crosscontamination of the inner-membrane fraction with outer membranes was less extensive. The major problem in interpretation of 32P-labelling experiments was the rather high contamination of the outer-membrane fractions with microsomal membranes, as indicated by NADPH-cytochrome c reductase activity (Table 1) . A high proportion (10-15%) of the total NADPH-cytochrome c reductase -activity of the mitochondrial fraction sedimented with the outer-membrane fraction, and the specific activity of this presumably microsomal marker enzyme in the outermembrane fraction was greater than that for the total mitochondrial fraction. It is difficult to resolve mitochondrial outer membranes and smooth membranes from the microsomal fraction owing to their similar densities and sedimentation behaviour (Parsons et al. 1967) . In the experiments reported in Fig. 2 the specific radioactivities of each of the phospholipids of the outer-mitochondrialmembrane fraction were corrected for the contamination due to microsomes, by using the values obtained for the NADPH-cytochrome c reductase activity, and assuming that the total-microsome fraction and the contaminating microsomes in the outer-membrane fraction had similar specific activities (O'Brien & Kalf, 1967 (Tabor, Tabor & Rosenthal, 1954) . NADPHcytochrome c reductase activity was determined spectrophotometrically by the procedure described by Sottocasa al. (1967) . Its activity did not change on incubation. This was in contrast with glucose 6.phosphatase, whose activity in both mitochondria and microsomes fell off rapidly on incubation at 37°. However, initial glucose 6-phosphatase asays showed the same microsomal contamination of mitochondria as was indicated by NADPH-cytochrome c reductase determinations. The spectrophotometric assays of both monoamine oxidase and NADPH-cytochrome c reductase were complicated by the high turbidity of concentrated microsomal and mitochondrial suspensions, and by non-specific changes in extinction due to swelling of the particles. In the early experiments these non-specific changes in extinction were minimized by subjecting all fractions to ultrasonic treatment under hypo-osmotic conditions before the addition of substrate. Later it was found that improved optical clearing of turbid suspensions was obtained by adding a non-ionic detergent, 0-015ml. of 1% (w/v) Nonidet P40 (Shell Chemical Co. Ltd., Lon4on, W.C.2), to 0-05-0-10ml. of the enzyme suspension. The final concentration of Nonidet P40 in the assay medium was 0.0 §%°..Control studies showed that Nonidet P40 at this concentration, or the initially pused procedure of ultrasonic treatment, did not affect; the activity of the enzymes measured. Protein was,determined by the method of Lowry, Rosebrough, Farr & Randall (1951) , with a serum albumin standard.
Incubation conditions. The labelling of phospholipids in subcellular fractions in vitro was measured in either a tris-buffered or a phosphate-buffered medium. The trisbuffered medium contained 37-5mm-tris-HCl buffer, pH7-4, lOmM-cysteine hydrochloride adjusted to pH7-4, 20mM-MgCl2 and 0-17M-sucrose, and was used where indicated in some experiments on the incorporation of CDP-[1,2-14C2]choline (0-2,umole, 0-028pc in final volume 0-5ml.). Although optimum incorporation of radioactivity from CDP-[1,2-14C2]choline was obtained with this system it produced aggregation of particles, and the phosphatebuffered system was used in experiments where mitochondrial and microsomal fractions were isolated after the incubation. The phosphate-buffered medium contained 20mM-KH2PO4-K2HPO4 buffer, pH7-4, 20mm-sodium pyruvate, 1-3mm-sodium malate, 5mM-MgCl2, 1-7mm-ATP, 0-25mM-CTP, 0-lmM-CoA, 1-7mM-CMP, 0-17 -sucrose and [Me-14C]choline (5,umoles, 0-5pc), [2-14C] ethanolamine (5 ,moles, 0-5 pc), or [U-14C]inositol (2-5 zmoles, 0-25,uc), in final volume 1-5 ml. In the experiments with inorganic [82P]phosphate (15,umoles, 50 in final volume 1-5ml.) the CMP was omitted, and 1-7mm-choline, 1-7mM-ethanolamine, 1-7mM-inositol, 2mM-NaF and 2mm-EDTA were added. Samples were incubated at 370 with shaking for the times indicated in the text.
Fractionation after incubation. When the incubated samples were separated into mitochondrial and microsomal fractions the reaction was stopped by immersing the samples in an ice bath and adding 5-lOvol. of cold 0-25 m-sucrose-O-lmM-EDTA, pH7-4. The samples were centrifuged immediately at 6000rev./min. for 10min. followed by 9300 rev./min. for 2min. in the Servall SS-34 rotor to sediment the mitochondria. The supernatant was centrifuged at 36000rev./min. for 90min. in the Spinco 40 rotor to yield the microsomal pellet. The mitochondrial pellet was washed by resuspension in 0-25m-sucrose-0-1 mm-EDTA, pH 7-4, and centrifugation at 6000rev./min. for 10min. The washing procedure was repeated twice with the centrifugation time decreased to 5min.
Pho8pholipid analy8e8. A sample of each of the fractions from the experiments in vivo was extracted overnight at 00 with 20vol. of chloroform-methanol (2:1, v/v) and the extract filtered. The tissue residue was re-extracted for 30min. at room temperature with 10vol. of chloroformmethanol (2:1, v/v) and filtered. The pooled filtrate was evaporated almost to dryness, and the residue was extracted with 20ml. of chloroform-methanol (2:1, v/v)+4ml. of aq. 0.9% NaCl. The biphasic system was warmed, shaken vigorously and transferred to a centrifuge tube. After centrifugation, the upper phase was removed and discarded, and the lower phase was washed by shaking it three times with 8ml. ofchloroform-methanol-aq. 0.9% NaCl (3:48:47, by vol.). In the experiments in vitro the entire sample (1-5ml.) was extracted overnight at 00 with 12ml. of chloroform-methanol (1:1, v/v) and filtered through glass wool into a centrifuge tube. The residue was re-extracted for 30min. at room temperature with 6 ml. ofchloroform and filtered, and 2-1ml. of aq. 0-9% NaCl was added to the combined filtrates. After being mixed thoroughly the two phases were separated by centrifuging, and the upper phase was discarded. The lower phase was washed three times with upper-phase solvent containing carrier chloroformmethanol-aq. 0-9% NaCl (3:48:47 by vol.) containing 2mM-choline, -ethanolamine or -inositol, or lOmM-KH2PO4, depending on the labelled precursor used. This was followed by three washes with chloroform-methanol-aq. 0-9% NaCl (3:48:47, by vol.) to remove the carrier. Samples of the washed lipid extracts from experiments with 14C-labelled precursors were evaporated to dryness in scintillation vials, and suspended with shaking in lOml. of scintillator solution containing 4g. of 2,5-diphenyloxazole and 0-1g. of 1,4-bis-(5-phenyloxazol-2-yl)benzene in 11. of toluene. Samples were counted in a Packard automatic liquid-scintillation spectrometer (model 2311). The lipid extracts from 32P-labelling experiments were evaporated to dryness and the residue was digested with lml. of 72% (w/v) HC104 (with caution). The digest was made up to 10ml. and counted in an M-6 Geiger-Muller liquid-counting tube. Inorganic phosphate was determined on the same samples by using the procedure of Bartlett (1959) . For the determination of radioactivity in individual phospholipids the samples were treated with ethanolic NaOH, and the ethanolysate was subjected to paper chromatography followed byionophoresis (Dawson, Hemington & Davenport, 1962) . The areas on the paper containing water-soluble degradation products were detected by radioautography and by ninhydrin and phosphate spray reagents. The spots were cut out and digested with 72% HCl04, and the radioactivity and inorganic phosphate were determined as described above. 
RESULTS
Turnover of the individual phospholipid8 of rat liver organelles in vivo Turnover 0-1 hr. after intravenou8 injection. When [32P] phosphate was injected into the femoral vein of rats, the specific radioactivity of the acid-soluble phosphate pool of the liver reached a maximum within 10min. and then rapidly declined (Fig. la) .
This decrease presumably reflects a fall of the specific radioactivity of the plasma inorganic phosphate due to tissue exchange, and the exchange of the [32P]phosphate pulse already in the liver pool with acid-insoluble compounds in the organ. The phosphatidic acid rapidly became labelled, that present in the mitochondria reaching a maximal specific radioactivity in approx. 15min. The curve of specific radioactivity against time for mitochondrial phosphatidic acid showed a classical product-precursor relationship (Zilversmit, Entenman & Fishler, 1943) with the acid-soluble phosphate pool (Fig. la) . Although the incorporation of 32p into the microsomal phosphatidic acid was also rapid, it appeared to reach a maximum somewhat more slowly than the mitochondrial phosphatidic acid. This is in contrast with the other phosphoglycerides, phosphatidylethanolamine, phosphatidylcholine and phosphatidylinositol, whose specific radioactivity in the microsomal component always increased more rapidly than that in the mitochondria (Figs. lb, lc and ld) . The 32P-labelling of the cardiolipin in the mitochondria was negligible compared with that of the other phosphoglycerides (Fig. ld) .
Turnover 0-4hr. after intraperitoneal injection. Fig. 2 the specific radioactivity of the pool fell after hr. (lhr., 3730 counts/min./,ig. of P; 2hr., 2590; 4hr., 2524). Phosphatidylserine, which was present in appreciable concentrations only in the microsomes (Table  2) , was labelled with 32p only very slowly (Fig. 2a) but more rapidly than mitochondrial cardiolipin, which, as after intravenous injection, again showed a very slow incorporation of 32p. The increased extent of incorporation after the intraperitoneal injection of [32P]phosphate enabled the labelling of the individual phospholipids in the inner and outer membranes of mitochondria to be examined. The specific radioactivities of the outer membranes were corrected for microsomal contamination by measuring the NADPH-cytochrome c reductase activities in both the microsomes and the outer membranes. With all the phospholipids examined, i.e. phosphatidylcholine, phosphatidylethanolamine and phosphatidylinositol, the specific radioactivities were in the order: microsomes > outer mitochondrial membranes > inner mitochondrial membranes (Fig. 2) . The low concentrations of cardiolipin in outer mitochondrial membranes and microsomes (Table 2 ) precluded an accurate determination of its specific radioactivity; the inner-membrane cardiolipin had practically the same specific radioactivity as that in the whole mitochondria plotted in Fig. 2(c) . Again the low concentration of phosphatidylserine in mitochondria prevented any measurement of its specific radioactivity. injection. Fig. 3 shows the decline of the specific radioactivities of individual phospholipids in the various membrane fractions at longer periods after the intraperitoneal injection of [32P]phosphate. The specific radioactivities of phosphatidylethanolamine, phosphatidylcholine and phosphatidylinositol showed an almost identical rate of decrease (Figs. 3a, 3b and 3c ) with no evidence of a persistence of labelling in outer or inner mitochondrial membranes, whole mitochondria or microsomes. In fact the rate of decline was almost a replicate of the fall in the specific radioactivity of the liver acid-soluble phosphate pool (Fig. 3b) . The phospholipids reached 'isotopic equilibrium' with this pool in 1 day and then their specific radio-4 activities fell according to the general 'biological' turnover of the precursor acid-soluble phosphate pool. The exception was mitochondrial cardiolipin, the specific radioactivity ofwhich, as could have been predicted from the short-term experiments, took several days to reach a maximum and then declined rather less rapidly than those of the other phospholipids (Fig. 3a) . with radioactive inositol, ethanolamine or choline, the phospholipids subsequently isolated from the organelles were substantially labelled (Table 3) . On alkaline degradation of the phospholipid fraction (Dawson et al. 1962) (Table 4) . The remainder of the phosphoglycerides, including the nitrogen-containing phospholipids that comprise the bulk of the fraction, showed negligible labelling. On the addition of either supernatant or microsomes to the mitochondria, there was a markedly increased incorporation of 32p into the phospholipid fraction. Phosphatidic acid was again the most heavily labelled, but significant labelling of the other phosphoglycerides also occurred. When both microsomes and supernatant were incubated with the mitochondria, the phosphatidic acid isolated from the system still had the maximum specific radioactivity, but more radioactivity was incorporated into phosphatidylethanolamine and there was also substantial labelling ofphosphatidylcholine and phosphatidylinositol. As in the studies in vivo, cardiolipin was not labelled to any extent.
In a further experiment isolated mitochondria together with supernatant and various amounts of microsomes were incubated with [32P]phosphate. The labelling of the individual phospholipids in terms of total radioactivity incorporated is plotted against the microsomal component in Fig. 4 . The first point plotted is that for mitochondria with no added microsomes and represents the intrinsic microsomal contamination of the mitochondria, calculated by NADPH-cytochrome c reductase assays on the mitochondria and microsomes. For phosphatidylethanolamine and phosphatidyl-98 1969 (1664) 0-1 (2) 0-2 (5) 13-8 (90) 24-5 (17) - (4) 1-1 (17) 1000 (1115) Mitochondria + supernatant 31-7 (3490) 6-7 (205) 10-0 (252) 49*3 (346) 113 (84) ( 26) 3 (45) 3070 (1810 (830) 30 (27) - (4) 5 (61) 3390 (3070) 89-3 (17600) (1580) 199 (6690) 120 (1800) 052 (85) 10 - (14) 2 (32) 2030 (3430) a~100 Each tube contained mitochondria (equivalent to 1-Og. of tissue) and supernatant (equivalent to 240 mg. of tissue). The microsomal suspension was equivalent to 2-5g. of tissue/ml. The first point plotted on each curve represents no added paicrosomes, the microsomal contamination of the mitochondria being assessed by NADPHcytochrome c reductase assay. The incubation medium (phosphate buffer) was as described in the Methods section; tubes were incubated at 370 for 60min. with inorganic
[32P]phosphate (100l,c). o, Phosphatidylinositol; *, phosphatidylethanolamine; A, phosphatidic acid;' O, phosphatidylcholine. 4* inositol there was a linear relationship between the incorporation and the quantity of microsomal component, whereas the incorporation into phosphatidylcholine was initially linear but then fell at higher microsomal concentrations. Each curve cut the origin or the abscissa near the origin when extrapolated back to 'zero' microsomal concentration (Fig. 4) . This result indicates that the small labelling of these three phospholipids by isolated liver mitochondria can-be attributed entirely to the residual microsomal enzyme systems contaminating the mitochondrial preparation. In contrast, there was evidence that mitochondria can synthesize phosphatidic acid from [32P]phosphate in the complete absence of microsomes; in fact 'the incorporation initially fell on the addition of microsomes to the system (Fig. 4) .
Liver microsomes, mitochondria and supernatant fraction were incubated with [32P]phosphate for various times, and the fractions were reisolated from the incubation medium. Fig. 5 shows that under these conditions, although the miorosomal phospholipids were the most heavily labelled, there was a substantial incorporation of 32p into! the mitochondrial phospholipids. Since the results shown in Fig. 4 indicated that mitochondria were incapable of synthesizing phosphatidylcholine, phosphatidylethanolamine and phosphatidylinositol from added [32P]phosphate in vitro, this suggested that a transfer of phospholipids between microsomes and mitochondria had occurred. However, the time-sequence of the labelling for each individual phospholipid fraction in microsomes and mitochondria (Fig. 5) Phospholipid labelling in rat liver organelles from CDP-[1,2-14C2]choline. When mitochondria were incubated with radioactive CDP-choline, the phospholipid labelling (shown to be entirely in the phosphatidylcholine fraction) was not enhanced by the presence of supernatant (Table 5) . As expected, the addition of microsomes to the system produced a greatly increased synthesis of phosphatidyleholine. When the mitochondria were fragmented by ultrasonic treatment, incorporation was decreased in all experiments, even though it is to be expected that any permeability barrier against CDP-choline entering the mitochondria would have been diminished. A number of experiments were carried out in which mitochondria aloine or with various amounits of added microsomes were incubated with CDP-[14C]choline. The total incorporation of 14C into the phospholipids plotted against microsomal complement (Fig. 6a) was linear, and on extrapolation to 'zero' microsomal concentration indicated that mitochondria unconitaminiated with microsomes would not synthesize phosphatidylcholine.
Since the incorporationi of labelled CDP-choline into the phospholipids of liver particles is greatly enhanced by the addition of an appropriate diglyceride acceptor (Weiss, Smith & Kennedy, 1958) , the dependence of mitochonidrial phosphatidylcholine labelling on the presence of microsomes in the present experiments might be attributed to a limited ability of the mitochondria to generate diglycerides. Preliminary experiments showed that the addition of synthetic 1,2-diolein or mixed diglycerides prepared by the action of phospholipase C on egg lecithin markedly stimulated (20-30-fold) the incorporation of CDP-[14C]choline in both the mitochondrial fraction and the microsomal fraction. The effect of additions of various amounts of microsomes on the incorporationi of CDP-[14C]choline in the presence of constant amounts of diglyceride and mitochondria is shown in Fig. 6(b) . As in the experiments in Fig. 6(a) Volume of microsomal suspension (ml.) Fig. 6 . Incorporation of radioactivity from CDP-[1,2-14C2]choline into a liver mitochondrial preparation containing various amounts of added microsomes. (a) Each tube contained mitochondria equivalent to 0-25g. of tissue. The microsomal suspension was equivalent to 2-5g. of tissue/ml. Each line of points represents a separate experiment. The first point plotted in each series represents no added microsomes, the microsomal contamination of the mitochondria being assessed by NADPH-cytochrome c reductase assay. The incubation medium (tris buffer) was as described in the Methods section; tubes were incubated at 37°for 120min. in medium containing CDP-choline (28m/,c, 0.2,umole). (b) Each tube contained mitochondria equivalerit to 0-1g. of tissue.
The microsomal suspsenssion was equivalent to 10g. of tissue/ml. Each point is the average of duplicate determinations. Diglyceride (1 25,umoles) prepared from egg lecithin and emulsified by ultrasonic treatment was added to each tube in 0-05ml. of 1% Tween 20; the tubes were incubated at 370 for 30min. Other conditions of incubation were as in (a).
contamination indicated that there would be no incorporation in uncontaminated mitochondria. Thus the dependence ofmitochondrial incorporation of CDP-[14C]choline on the presence of microsomes is not simply attributable to provision of diglycerides for mitochondrial phosphatidylcholine synthesis. Pho8pholipid exchange processes between i8olated mitochondria and micro8omes. The unambiguous labelling of phosphatidylcholine with CDP-[1,2-14C2]choline was used to examine the possibility of exchange reactions between the phosphatidylcholine of microsomes and that of mitochondria. In initial experiments microsomes together with supernatant were incubated with labelled CDP-choline, and mitochondria were added either at the start or at the end of the incubation. The mitochondria and microsomes were again separated and the labelling in their phospholipids was examined. When mitochondria were added at (Table 6 ), in spite°o f the fact that further synthesis of phosphatidyle:°0.
[14C]choline in the period 60-120min. was effectivelỹ blocked by the dilution of the labelled CDP-choline, as indicated by the total radioactivity incorporated into mitochondrial and microsomal phospholipids.
In further experiments the time-sequence and the°°°°°°r eversibility of the exchange were examined.
Isolated mitochondria and microsomes were mixed and incubated with labelled CDP-choline. The labelled mitochondria and microsomes were isolated and incubated separately for various times with the opposite unlabelled membrane fraction together with unlabelled supernatant. The fractions were subsequently reisolated and their phospholipids assayed for radioactivity. When the labelled microsomes were incubated with unlabelled mitochondria, there was a rapid loss of radioactivity from the microsomal fraction and a corresponding increase in the labelling of the mitochondrial phospholipids (Fig. 7a) . After 2hr. about 40% of the radioactivity had been incorporated into the mitochondria, but there was little evidence of any°0°°0 0 equivalent transfer of the microsomal marker enzyme, NADPH-cytochrome c reductase, to the mitochondrial fraction (Fig. 7a) . mitochondria without any corresponding transfer of cytochrome c oxidase activity (Fig. 7b) and Schneider (1963) showed to be predominantly microsomal. There is a possibility that the added CDP-[14C]choline is unable to penetrate to 'sites' for phosphatidylcholine synthesis within the mitochondria, but this is rendered less likely by the lack of any stimulation produced by fragmenting of the mitochondria. Nor is. the availability of diglyceride to the mitochondria likely to be a contributing factor, since the same results were observed in the presence of added diglyceride (Fig. 6b) . Moreover, liver mitochondria are comparatively rich in neutral lipids including diglycerides (Getz, Bartley, Stirpe, Notton & Renshaw, 1962; Scherphof & van Deenen, 1966) , and also contain a diglyceride-generating system, phosphatidate phosphohydrolase (Smith, Sedgwick, Brindley & Hubscher, 1967; Stoffel & Schiefer, 1968) . The present results contrast with the experiments of Stoffel & Schiefer (1968) , who found some CDP-choline-1,2-diglyceride cholinephosphotransferase in the outer mitochondrial membranes of rat liver. However, owing to the difficulty of solubilizing diglyceride the incorporation was rather low and the question of the contribution to synthesis by microsomal contamination was not specifically examined. Our results do not, of course, exclude the possibility of liver mitochondria being able to form phosphatidylcholine by processes that do not involve the synthesis of the whole phospholipid molecule. Such would include the methylation of phosphatidylethanolamine, the acylation of lysolecithin or the Ca+-activated incorporation of choline into the phospholipid fraction. Indeed, the present results show that isolated mitochondria can incorporate some labelled choline and ethanolamine into their lipid fractions by processes that do not appear to be energy-dependent, although this may again be a function of the contaminating microsomes. The results of Dils & Hubscher (1959) suggest that the Ca2+-activated incorporation of choline into the phospholipids of liver homogenates is largely a function of the microsonmal component, and our own results (Table 3) show a marked increase in the incorporation ofcholine when microsomes are added to a mitochondrial system. These results are in contrast with those of , which suggest that the liver microsomes are somewhat inactive in incorporating labelled choline into phospholipids compared with liver mitochondria.
In contrast with the nitrogen-containing phosphoglycerides and phosphatidylinositol, the results of these same experiments (Fig. 4) clearly show that labelled phosphatidic acid can be formed by liver mitochondria incubated with [32P]phosphate in the complete absence of microsomes. The synthetic pathway involved is not indicated, but both brain mitochondria (McMurray, Strickland, Berry & Rossiter, 1957) and liver mitochondria (Brandes, Olley & Shapiro, 1963; Wojtczak & Zborowski, 1967; Stoffel & Schiefer, 1968 ) contain a glycerol phosphate acyltransferase system. There is also a possibility that phosphatidic acid could be synthesized by diglyceride kinase, an enzyme known to occur in plant mitochondria (Bradbeer & Stumpf, 1960 ) and brain mitochondria (Strickland, 1962) .
The present results showing that mitochondria can rapidly acquire labelled phospholipid from a microsomal preparation with which they are incubated, and vice versa, are in agreement with the concurrent experiments of Wirtz & Zilversmit (1968) , who used [32P]phosphate and ['4C]glycerol to follow the exchange. These workers also found, in agreement with our results, that the exchange was greatly stimulated by adding a supernatant fraction, and was almost abolished at 00. The possibility that the mitochondria can synthesize labelled phosphatidylcholine from residual CDP-[14C]choline in the microsomal fraction is rendered unlikely because of the known inability of mitochondria to use this substrate for phosphatidylcholine synthesis, discussed above. Moreover, Mg2+, a known cofactor for choline phosphotransferase, is not required for the transfer, and transfer still occurs when the system is saturated with unlabelled CDP-choline. The exchange process is not limited to phosphatidylcholine; both phosphatidylinositol and phosphatidylethanolamine also appear to undergo exchange between the two fractions. The relative rates at which these exchanges took place (phosphatidylinositol > phosphatidylcholine>phosphatidylethanolamine) paralleled the rates at which the mitochondrial phospholipids approached isotopic equilibrium with those of the microsomes in vivo (Fig. 1 ) and in vitro (Fig. 5) . Wirtz & Zilversmit (1968) also observed that phosphatidylcholine exchanged more rapidly between the two fractions than phosphatidylethanolamine.
As to the mechanism of the exchange it seems unlikely on physicochemical grounds that either membrane would liberate pure lipid micelles consisting partly or entirely of phospholipid, which would then diffuse to and react with the other type of membranes. Indeed, in general, phospholipid
